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In order to find a kind of material that is able to initiate plasma avalanches, Ca0.7Sr0.3TiO3 ceramic,
which possesses high permittivity, was prepared by liquid phase sintering and used as a dielectric
barrier to decompose CO2 in order to investigate the efficiency and characteristics of this ceramic.
The results were compared with commercial alumina and silica glass, which possess lower
permittivities, but however, were widely used in previous studies. The mechanical and dielectric
properties of Ca0.7Sr0.3TiO3 were greatly enhanced by adding 0.5 wt. % Li2Si2O5 as a sintering
additive. Although Ca0.7Sr0.3TiO3 without an additive was fractured before the arcing plasma, that
which was sintered with 0.5 wt. % Li2Si2O5 successfully generated a dielectric barrier discharge
~DBD! plasma and the CO2 conversion was much higher than with those using an alumina or silica
glass barrier. The plasma behaviors of using different dielectric materials were studied during the
processes of the DBD plasma burst. It was found that the density and strength of current pulses
increased with increasing permittivity, and as a consequence, very dense and strong current pulses
were initiated by this Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5 ceramic because of its high
permittivity; likewise, they were efficient in reducing CO2. The density and strength of current
pulses are also found to be the dominative parameters of the plasma reaction. This Ca0.7Sr0.3TiO3
ceramic was sintered using Li2Si2O5 as a sintering additive and used as a dielectric barrier of DBD
for the first time. © 2004 American Institute of Physics.@DOI: 10.1063/1.1760773#
I. INTRODUCTION
Dielectric barrier discharge~DBD! plasmas are charac-
terized by the presence of one or more insulating layers in
the current path between the metal electrodes in addition to
the discharge gap~s!. A DBD plasma usually consists of
many tiny current filaments, referred to as microdischarges,
that are evenly distributed over the whole electrode area and
have a lifetime of only a few nanoseconds. The ‘‘hot’’ elec-
trons produced in the microdischarges induce plasma chem-
istry, while the temperature of the heavier particles~mol-
ecules, atoms and ions! remains near the average gas
temperature in the filaments. On the other hand, the elec-
trons, and in part the ions, have a kinetic average energy that
is higher than the energy corresponding to the random mo-
tion of the molecules. Therefore, DBD plasma belongs to
both nonthermal and nonequilibrium plasma and has been
used for ozone production,1–3 receiving attention for its ap-
plication to pollution control, etc.4–12
On the other hand, the dielectric barrier material is one
of the key factors for the proper functioning of the DBD
plasma.1 The transported charge that leads to excitation, dis-
sociation, or ionization of plasma reaction is proportional to
the permittivity of the dielectric material.13 In other words,
the reactivity of DBD plasma is expected to be improved by
increasing the permittivity of the dielectric layer. However,
the use of high dielectric constant ceramics is difficult, since
these tend to be fractured when supplying high voltage be-
cause of their modest dielectric strength. This is why little
study has been carried out on the influence of permittivity for
DBD plasma chemistry. Therefore, a dielectric barrier with a
high dielectric constant and a high dielectric strength is
highly desirable in order to generate a DBD plasma possess-
ing high reactivity. It is known that SrTiO3 possesses a high
permittivity and a modest dielectric strength. In contrast,
CaTiO3 possesses a low dielectric constant and a high dielec-
tric strength. According to the results of Ball14 and Ceh
et al.,15 CaTiO3 and SrTiO3 are completely miscible in form-
ing the solid solution of Ca12xSrxTiO3 (0,x<0.40). There-
fore, Ca12xSrxTiO3 is expected to possess high permittivity,
high dielectric strength and to induce the reactive DBD
plasma. However, no research has been carried out using
Ca12xSrxTiO3 as a barrier material of a DBD plasma reac-
tion so far.
Many works have been concerned with Ca12xSrxTiO3
ceramics in the study of its phase transitions,14–18 but the
sintering behavior, mechanical properties and dielectric prop-
erties of Ca12xSrxTiO3 have not been investigated in detail.
It is known that the liquid phase sintering can efficiently
promote densification and decrease the firing temperature.
But, there also has not been any related research reporting on
Ca12xSrxTiO3 ceramic. Li2Si2O5 , which possesses a low
melting temperature ofca. 1030 °C, is a candidate substance
as a sintering additive for the Ca12xSrxTiO3 ceramics, since
it was reported that the sintering temperature of BaTiO3
could be greatly lowered without serious deterioration in the
dielectric properties.19
In the present study, the sinterability, mechanical prop-
erties and dielectric properties of Ca0.7Sr0.3TiO3 were inves-
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tigated using Li2Si2O5 as a sintering additive first. After that,
the Ca0.7Sr0.3TiO3 ceramics together with traditional alumina
and silica glass were applied for the degradation of CO2 to
CO and O2 by the DBD plasma without any catalyst and
reducing substance in order to clarify the influence of dielec-
tric barrier material on a DBD plasma. Furthermore, the
characteristics of DBD plasma were systematically investi-
gated using different dielectric materials and input frequen-
cies.
II. EXPERIMENTAL PROCEDURES
CaTiO3 and SrTiO3 starting powders were supplied by
the Sakai Chemical Industry Co. Li2Si2O5 was prepared by a
conventional solid state reaction using the reagent grade
~99.9%! powders of Li2CO3 and amorphous SiO2 . They
were mixed by ball milling for 16 h and were calcined at
1010 °C for 10 h and re-milled for 40 h with ZrO2 balls in a
polyethylene bottle. Appropriate quantities of CaTiO3 ,
SrTiO3 and Li2Si2O5 were wet-mixed in a polyethylene
bottle with ZrO2 balls and ethanol for 16 h. The mixtures
were dried at 85 °C and then ground by an agate mortar. The
specimens were uniaxially pressed at 20 MPa, subjected to
cold isostatic pressing under a pressure of 200 MPa and sin-
tered at 1200 °C for 2 h in air.
The sintered bodies were polished to a mirror-like finish
and sliced to measure the three-point bending strength and
dielectric strength and to be used as a dielectric barrier of
DBD plasma. The dielectric constants were measured using a
pellet sample of 6 mm in diameter and 5 mm in thickness.
The crystallographic phase constitution was characterized by
x-ray diffraction ~XRD! analysis using graphite monochro-
matized CuKa radiation ~Shimadzu, XD-01!. The fracture
strength was measured by three-point bending at a crosshead
speed of 0.5 mm•min21 and a span width of 10 mm~Shi-
madzu, Autograph AG-20kNG!. The density of the sintered
ceramic was measured using the Archimedes method. The
dielectric constant and dielectric strength were measured by
an impedance analyzer~Agilent Tech., 4299A! and a with-
standing voltage tester~Kikusui, TOS5101!, respectively.
The experimental setup for CO2 decomposition is shown
in Fig. 1. The planar DBD plasma reactor, whose shell was
made of Teflon, was used for CO2 decomposition. The gas
mixture (CO2:N2510:90) was fed into two parallel-plate
electrodes~24 mm312 mm! made of stainless steel at a
space velocity of 20800 h21, where the ground electrode was
covered with a 1 mmthick dielectric barrier~30 mm315
mm!. The gap space between the dielectric barrier and the
counter electrode was 1 mm and the CO2 decomposition was
carried out under atmospheric pressure by using a conven-
tional flow system. The concentration of CO2 dissociated by
the DBD plasma was analyzed by a CO2 meter ~Shimadzu
URA107!. A sinusoidal voltage was applied to the electrodes
by an ac high-voltage amplifier with a function generator
~Trek 12193!. During the operation, the electric parameters,
such as ac wave shape, input voltage, current and frequency
were continuously monitored by a multi-channel digital os-
cilloscope~Iwasaki DS-8812!. The input power wattage was
calculated by the root-mean-square voltage and current mea-
sured by the oscilloscope.
III. BASIC PRINCIPLE
As described in the Introduction, the power wattage,
which is related to the voltage and current, seems to be sig-
nificantly enhanced by increasing the dielectric constant of
the barrier materials. The essential principle of the DBD
plasma generation is shown as follows:
C5eS/d, ~1!
whereC is the electric capacity,e is the permittivity,Sandd
are the area of electrode and distance between the parallel-
plate electrodes or the electrode and dielectric layer in the
case of DBD, respectively. Ife is higher, for the same values
of S andd ~corresponding here to the same plasma reactor!,
C will be larger:
q5CV, ~2!
whereV is the input voltage andq is the electric charge. IfV
is a constant, an increase ofC must result in increasingq.
Moreover, the electric currentI is determined by
I 5q/t, ~3!
where t is the time. Therefore, raising the chargeq means
increasingI. This is why a highere results in a higher current
I. Since the power wattageP,
P5IV; ~4!
P must be higher due to increasingI.
In addition, according to the mechanism of plasma
chemistry, the electrons due to their light mass are immedi-
ately accelerated to higher velocities than the heavier ions in
the time available between collisions. The electrons are the
only plasma component that is capable of causing inelastic
collisions with atoms and molecules, thus leading to excita-
tion, dissociation, or ionization. The CO2 molecules are at-
tacked by the ‘‘hot’’ electrons and the electron/molecular re-
action is
CO21e→CO2* 1e→CO11/2O21e, ~5!
where the asterisk~* ! marks the excited species.
Based on Eq.~2!, the rate of reaction~5! will be quick-
ened up by a higherq value, i.e., more electrons.
FIG. 1. Schematic diagram of experimental apparatus.
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It is very important that there is a transfer of energy via
electrons to the species that take part in the reactions. The
‘‘hot’’ electrons ~e! collide with the CO2 molecules and ex-
cite them to higher energy levels, at the same time, losing the
corresponding amount of their own energy. The excited mol-
ecule can now, due to its high internal energy, initiate a de-
composition reaction.
IV. RESULTS AND DISCUSSION
A. Mechanical and dielectric properties of
Ca0.7Sr0.3TiO3 ceramics
The mechanical and dielectric properties of
Ca0.7Sr0.3TiO3 ceramics sintered at 1200 °C with and without
Li2Si2O5 are summarized in Table I. Both samples were
composed of a single phase Ca0.7Sr0.3TiO3 solid solution ac-
cording to the XRD analysis. This is in good agreement with
the previous results.14,15 The relative density, bending
strength, and Vickers hardness of the specimen dramatically
increased by adding the sintering aid of Li2S 2O5 probably
due to the liquid phase sintering, since the melting tempera-
ture of Li2Si2O5 is ca. 1030 °C. The increase in permittivity
and dielectric strength were attributed to the higher relative
density. Li2Si2O5 did not decrease the dielectric properties as
reported by Purwasasmitaet al.19
B. Permittivities of alumina, silica glass, and
Ca0.7Sr0.3TiO3 materials
As mentioned above, the permittivity of the dielectric
layer is very important for a DBD plasma reaction. The tem-
perature dependence of permittivities for Ca0.7Sr0.3TiO3 sin-
tered with and without Li2Si2O5 are shown in Fig. 2 together
with those of commercial alumina and silica glass. Obvi-
ously, the permittivity of Ca0.7Sr0.3TiO3 with 0.5 wt. %
Li2Si2O5 was the highest and that of silica glass was the
lowest.
C. Discharge process using alumina, silica glass, and
Ca0.7Sr0.3TiO3 dielectric barriers at the frequency
of 10 kHz
The feed gas used in the present study included CO2 and
N2. It is known that the bond energies of CO2 and N2 are
5.45 and 9.79 eV, respectively. Therefore, N2 is much more
stable than CO2 in the DBD plasma.
In order to study the discharge process of different di-
electric barrier materials, the decomposition of CO2 by DBD
plasma was investigated using the Ca0.7Sr0.3TiO3 with 0.5
wt. % Li2Si2O5 , an alumina and silica glass as the dielectric
barriers. The Ca0.7Sr0.3TiO3 with 0.5 wt. % additive, alumina
and silica glass could successfully be used as the barrier
materials to generate the DBD plasma reaction to decompose
CO2; however, Ca0.7Sr0.3TiO3 without an additive was frac-
tured before the arcing of the plasma. The input voltage was
increased stepwise in time until the plasma was generated
and then was kept at the arcing voltage. This means that the
process kept the minimum external voltage required in main-
taining the discharge plasma.
The root-mean-square voltage applied between two elec-
trodes was measured by the oscilloscope~Fig. 1!. The time
dependencies of the input voltages, currents, powers, and
CO2 conversions are given in Figs. 3~a!–3~d! using alumina,
silica glass, and Ca0.7Sr0.3TiO3 dielectric layers at the fre-
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FIG. 2. Temperature dependence of dielectric constants for the
Ca0.7Sr0.3TiO3 and commercial alumina and silica glass at 10 MHz.
FIG. 3. The time dependencies of~a! input voltage;~b! current;~c! power;
~d! CO2 conversion using different dielectric barriers at 10 kHz.
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quency of 10 kHz. The input voltage was regularly raised
with the time extending, as shown in Fig. 3~a!. Meanwhile,
the current, power, and CO2 conversion should change cor-
responding to the input voltage@see Figs. 3~b!–3~d!#. It can
be found that these parameters did not change too much with
the raising of the input voltage at the beginning, i.e., with the
time extending until a critical value where the current,
power, and CO2 conversion suddenly increased simulta-
neously, especially in the case of the Ca0.7Sr0.3TiO3 dielectric
barrier. This means that the plasma was initiated and the
current pulse was generated at this moment, this input volt-
age, which is referred to as the arcing voltage.
It is shown that the changes in the current and CO2 con-
version with the increasing of the input voltage were almost
identical when the alumina or silica glass was used as a
barrier. In contrast, a great difference was exhibited by the
Ca0.7Sr0.3TiO3 dielectric layer, i.e., a much lower input volt-
age corresponded to a much higher current, power, and CO2
conversion. The CO2 conversion reached 15.6% using this
Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5 dielectric ceramic.
On the other hand, those using the alumina and silica glass
were 3.8–4.7%. The great differences in current between the
alumina ~or silica glass! and Ca0.7Sr0.3TiO3 with 0.5 wt. %
Li2Si2O5 dielectrics were attributed to the great difference in
their permittivity ~see Fig. 2!, since a high dielectric constant
must generate a high current pulse@ e Eqs.~1!–~3!#.
D. Effects of input frequency
The input frequency of sinusoidal voltage determines the
microdischarge distribution and their intensity.20 Therefore,
the discharge characteristics with different input frequency
was investigated using this Ca0.7Sr0.3TiO3 with 0.5 wt. %
Li2Si2O5 , an alumina and silica glass dielectric barriers, as
shown in Fig. 4. The arcing voltage using the alumina and
silica glass decreased from 4.5 to 3.6 kV with the increasing
of the input frequency from 2 to 10 kHz. A similar trend was
observed using this Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5
barrier, but the magnitude was much lower, from 2.5 to 2.1
kV, as shown in Fig. 4~a!. This was in agreement with the
study of literature,13 i.e., at a lower frequency the voltage
must be higher in order to spread and reignite the microdis-
charges. The plasma did not generate using the alumina and
silica glass barriers at 12 kHz under the present reaction
conditions. This might have been caused by two reasons:
first, there is not enough time between consecutive voltage
half-waves to allow the decay of plasma conductivity in a
microdischarge filament at higher frequency.20 Second, high
voltage low frequency operation tends to spread the micro-
discharges, while low voltage high frequency operation usu-
ally tends to reignite the old microdischarge channels every
half period.13 However, the plasma was generated using the
Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5 layer even at this
frequency of 12 kHz. It might be attributed to its strong
current pulses and the memory effect of microdischarges,
which will be explained in detail later.
The current and power generated by the plasma using
this Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5 slightly in-
creased with the increasing of the input frequency up to 12
kHz and was much higher than those using the alumina and
silica glass@see Figs. 4~b! and 4~c!#. The input current and
CO2 conversion at each input frequency was on the order of
Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5@alumina~Al2O3)
.silica glass~SiO2).
E. Characteristics of DBD plasmas using an alumina,
silica glass, and Ca 0.7Sr0.3TiO3 dielectric barriers
It is known that the DBD plasma consists of a large
number of filament current pulses with nanosecond duration
randomly appearing at every half cycle of the applied volt-
age. The dielectric barrier limits the amount of charge and
energy deposited in a microdischarge, as well as distributes
the microdischarges over the entire electrode surface.13 The
characteristics of DBD plasmas generated by the alumina,
silica glass, and Ca0.7Sr0.3TiO3 dielectric barriers are shown
in Figs. 5~a!–5~c!. It is obviously found that both the average
amplitude of filament current pulses and microdischarge den-
sity were all on the order of silica glass (SiO2)
,alumina~Al2O3)!Ca0.7Sr0.3TiO3 with 0.5 wt. % Li2Si2O5 .
Based on previous studies, the total number of microdis-
charges determines the total power generation.21 The current
pulse depends on the effective ionization characteristics of
the background gas and the properties of the dielectric layer.1
If a molecule is to be dissociated, the energy delivered to that
molecule must exceed the dissociation or bond energy. The
fast electrons collide with gas molecules and excite them to
higher energy levels, at the same time, losing part of their
own energy, which is replenished by the electric field. Relat-
ing Fig. 5 with Fig. 3~b! and Fig. 4~b!, it is easy to under-
FIG. 4. The relationships of input frequency with~a! arcing voltage;~b!
current;~c! power; ~d! CO2 conversion using different dielectric barriers.
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stand why lower current was generated by the alumina and
silica glass dielectric barriers, and higher current was applied
by the Ca0.7Sr0.3TiO3 layer. The essential and dominative pa-
rameter was the filament current pulses, which govern the
amount of ‘‘hot’’ electrons and the plasma reaction. Each
individual microdischarge can be regarded as a miniature
plasma chemical reactor, and ‘‘hot’’ electrons are the only
plasma component that is capable of causing a chemical
reaction.22 In the case of a silica glass, due to sparser micro-
discharge and weaker current pulses, the ‘‘hot’’ electrons
were too few to excite enough free radicals. This might be
the reason for the lower reactivity of CO2 decomposition
using a silica glass as the dielectric barrier. In contrast, very
dense microdischarge and strong current pulses were induced
using the Ca0.7Sr0.3TiO3 barrier @see Fig. 5~c!#, as a conse-
quence, a large number of dominative ‘‘hot’’ electrons were
generated to speed up the CO2 decomposition.
It is notable that the amplitude of sinusoidal voltage ap-
plied to the Ca0.7Sr0.3TiO3 dielectric layer was lower than
that to the alumina and silica glass, as shown in Fig. 5~c!.
The same behaviors are exhibited in Fig. 3~a!, i.e., the value
of the voltage slightly decreased after the plasma arcing us-
ing the Ca0.7Sr0.3TiO3 barrier. Namely, although the input
voltage was controlled at almost a constant by the voltage
amplifier, the voltage actually applied between two elec-
trodes measured by the oscilloscope decreased slightly. This
might be attributed to the large number of charges accumu-
lated on the dielectric surface that reduced the electric field.22
F. Profiles of microdischarge at different frequencies
Figure 6 exhibits profiles of discharge filaments that
were recorded by the oscilloscope for this Ca0.7Sr0.3TiO3 di-
electric barrier at different frequencies. In this figure,~a! ~b!
and ~c! are the complete appearances of the DBD plasma at
the frequency of 2, 4, and 10 kHz, respectively, and~d!, ~e!,
and~f! are the magnified profiles of some regions of~a!, ~b!,
and ~c!. It is shown that each cluster of the microdischarge
consisted of one group of ‘‘triangular pulses’’ as shown in
Figs. 6~d!–6~f!. The repetition frequency of microdischarge
increased with the rising of the input frequency. Therefore,
the density of the ‘‘triangular pulse’’ increased with the rising
of the frequency. These characteristics were described by
Kogelschatzet al.,20 i.e., the DBD bursts of such microdis-
charges are observed at a repetition frequency corresponding
to twice the driving frequency. In a microdischarge a large
fraction of the electron energy can be utilized for exciting
atoms or molecules in the background gas, thus initiating
chemical reactions and/or the emission of radiation. This is
the reason why the CO2 conversion increased with raising
frequency~see Fig. 4!.
In addition, during the burst process of the DBD plasma
using this Ca0.7Sr0.3TiO3 barrier at 10 kHz, each single ‘‘tri-
angular pulse’’ of discharge shown in Fig. 6 was caught by
the oscilloscope, as shown in Fig. 7.
This magnified profile displayed individual and one by
one degressive pulses, which composed the basic cell of the
microdischarge cluster. The profiles of the filament were the
FIG. 5. Characteristics of microdischarge using~a! silica glass;~b! alumina;
and ~c! Ca0.7Sr0.3TiO3, with 0.5 wt. % Li2Si2O5 barriers at 10 MHz.
FIG. 6. Profiles of microdischarge using the Ca0.7Sr0.3TiO3 with 0.5 wt. %
Li2Si2O5 dielectric barrier at~a! and~d! 2 kHz; ~b! and~e! 4 kHz; ~c! and~f!
10 kHz. ~d!, ~e!, and ~f! are the magnified profiles of some regions of~a!,
~b!, and~c!, respectively.
FIG. 7. A magnification of filament of discharge using the Ca0.7Sr0.3TiO3
with a 0.5 wt. % Li2Si2O5 dielectric barrier at 10 kHz.
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same as shown in Fig. 7 at other frequencies and only the
strength and pauses between the pulses were different for the
Ca0.7Sr0.3TiO3 , as well as the alumina and silica glass dielec-
tric layers. The current pulse of this magnified filament might
be explained by the microdischarge properties and memory
effect of a DBD, i.e., the dielectric ceramics serves two func-
tions in a DBD plasma reactor: it limits the amount of charge
transported by a single microdischarge and distributes the
microdischarges over the entire electrode area. As long as the
external voltage is rising, additional microdischarges will oc-
cur at new positions because the presence of residual charges
on the surface of the dielectric has reduced the electric fields
at the positions where microdischarges have already oc-
curred. And, this process goes along circularly to generate
more and more filament discharges until the voltage is re-
versed. If the voltage was reversed, however, the next micro-
discharges will form in the old microdischarge locations; this
behavior is referred to as the memory effect of microdis-
charges. The further development of new discharges is deter-
mined mainly by the charges deposited on the dielectric sur-
face by preceding microdischarges together with the applied
voltage. The recovery behavior of the extinguished discharge
has a domination influence on the plasma distribution. These
are the reasons why a pulse would gradually decrease from
strong to weak until choked in a few nanoseconds, and after
the pause of the filament discharge, start again one by one.
Thus, likewise, the reason for a silica glass dielectric layer
becoming sparser and weaker and the Ca0.7Sr0.3TiO3 barrier
possessing denser and stronger microdischarges.
V. CONCLUSIONS
Li2Si2O5 could efficiently improve the sintering of
Ca0.7Sr0.3TiO3 ceramic, as well as its mechanical and dielec-
tric properties by liquid phase sintering. By using this
Ca0.7Sr0.3TiO3 ceramic with 0.5 wt. % Li2Si2O5 as a dielec-
tric barrier, a much higher CO2 conversion was achieved by
the DBD plasma than with those using an alumina and silica
glass, due to much stronger current pulses and denser micro-
discharges, so that many more ‘‘hot’’ electrons were gener-
ated. In addition, the discharge characteristics, such as the
profiles of the filament discharge cluster and a single current
pulse were caught during the plasma bursts. It was experi-
mentally demonstrated that a higher permittivity of the di-
electric barrier initiates a denser and stronger current pulse
and yields a greater efficiency for a DBD plasma reaction.
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